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A new model of quadrupole composed of permanent magnetic material, coils and soft magnetic
material is proposed for the new Brazilian Synchrotron Light Source (Sirius). These quadrupoles must
have ﬂexibility about 30% of the total gradient in order to correct the linear effects caused by the
insertion devices on the beam dynamics. This ﬂexibility is obtained using coils while permanent
magnets are used to supply the constant gradient.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The new Brazilian Synchrotron Light Source (Sirius) will
operate at the energy of 3 GeV with a low emmitance electron
beam (less than 2 nm.rad). This machine is being idealized to save
as much electrical energy as possible and therefore, it is called a
‘‘green’’ particle accelerator.
Magnets made of permanent magnetic materials (PMMs)
could be a promising alternative for electron storage ring. It is
probably going to be the new trend for magnetic lattices. Until
now, only FermiLab has applied this technology in large scale for
its anti-proton recycler [1]. In our case, the use of PMMs was
encouraged during a price drop, especially in the Chinese market,
which reached its minimum at the beginning of 2010. After this
period, the rare earth cost has increased signiﬁcantly. But, as the
PMM corresponds just to a small fraction of the magnet total cost,
the idea is still feasible. However, some challenges as the varia-
tion of remanent ﬁeld with the temperature, differences of
remanent ﬁeld among blocks, designs of high performance and
difﬁculties of handling, should be taken into account.
For this new ring, both, bending magnets (dipoles) and quad-
rupoles have permanent magnetic materials in their structures, in
order to supply the constant fraction of the magnetic ﬁeld.
In the case of the quadrupoles, a maximum integrated gradient
of 7 T (28 T/m in a length of 0.25 m) is required and 30% of thisevier OA license.value must be variable. Such ﬂexibility is calculated aiming to
correct the linear disturbances created by the insertion devices on
the beam optics.
There are many articles related to different geometries and
sources of magnetic ﬁeld proposed for quadrupoles. Most of them
are electromagnetic, with total ﬁeld ﬂexibility. For those made of
PMMs, some models have shown ﬂexibility, obtained by means of
mechanical adjustments. Halbach proposed to change the
strength of the quadrupole rotating an outer steel ring with
attached PMMs around the magnetic center, while four steel
poles, also having attached PMMs, stay ﬁxed [2]. Volk et al. placed
some cylindrical magnets, magnetized across the diameter, at the
quadrupole corners , which could be rotated to vary the strength
of the gradient [3]. Bondarchuk et al. had used soft ferromagnetic
shunting elements to provide variations in the gradient [4].
Gottschalk and Taylor created a method of achieving strength
adjustments by uniformly displacement of all four PPMs [5].
A double ring structure was presented by Iwashita et al. [6],
where each structure was made of PMM arrays and there was an
outer ring free to be rotated.
The model presented here is composed of hard magnetic
material (NdFeB), soft magnetic material with high permeability
and high magnetization of saturation (1010 carbon steel), but the
ﬁeld ﬂexibility is now provided by coils. These coils work with
low current density in order to reduce the electrical power and
consequently generating less heat. The PMMs are estrategicaly
located and their dimensions calculated to minimize the excita-
tion required for the coils. Since the magnets made of permanent
magnetic and soft magnetic materials are called hybrids, the
Table 1
Quadrupole main speciﬁcations.
Total gradient–G (T/m) 28
Total integrated gradient (T) 7
Nominal length (mm) 250
Bore radius (mm) 27.5
Gradient ﬂexibility (%) 30
Minimum free gap between poles
(mm)
15
Multipoles: Bn(x)¼(kn/G) xn1
B6(@10 mm) 5105
B10(@10 mm) 5108
Fig. 1. Quadrupole main dimensions and the magnetic circuit for Ampere’s law
application.
G. Tosin et al. / Nuclear Instruments and Methods in Physics Research A 674 (2012) 67–7368name proposed for the model treated in this article is ‘‘super
hybrid’’, because we have added the coils as another active
element.
Table 1 lists the main characteristics speciﬁed for the
quadrupole.
Bn are the ﬁelds generated by each coefﬁcient kn of the poly-
nomial ﬁtting made on the quadrupole magnetic ﬁeld at trans-
versal position 10 mm. Such coefﬁcients are associated to the
multipolar expansion, where, for geometrically perfect quad-
rupoles, only n¼2 (quadrupole), n¼6 (dodecapole), n¼10
(20-poles) and so on, are allowed.2. Magnetic studies
Quadrupoles made of permanent magnetic materials have
been proposed since the beginning of the 1980s and they
continue to be a subject of great interest. Again, Halbach belongs
to the pioneers in the implementation of accelerator magnets
made with PMMs [7–9]. He suggested the ﬁrst geometries and
arrangements as well as provided analytical treatment in terms of
multipolar composition. The improvements have not stopped yet:
the search for higher ﬁelds [10] and different geometries [11] for
quadrupoles are subjects of current studies. The cited papers
contain usefull references for deepening in magnets with PPMs.
As already mentioned, it is reported here a new quadrupole
design, employing PPM technology, which is capable to allow
the gradient changing of 715% over the main gradient by means
of coils.
It is possible to do a preliminary 2D analysis using the circuital
Ampere’s Law and the magnetic ﬂux conservation, considering
some symmetric properties related to the geometry of the
magnet. This simple analysis brings out important correlations
among relevant variables such as quadrupole gradient (G), size of
the magnetic block (wb, hb), ﬁeld ﬂexibility and total current in
the coils (NI). These equations allow the evaluation whether such
conﬁguration of quadrupole is advantageous.
Fig. 1 corresponds to 1/8 of the total quadrupole cross section
and the magnetic ﬁeld B circulates on the proposed circuit
indicated by the dashed line.
Eq. (1) describes the integration over all the circuit indicated.
1
m0
Z R
0
BUdlþ 1
m
Z
core
BUdlþ 1
m0
Z
pm
BUdl¼NIþMUhb; ð1Þ
where the ﬁrst integral is over the 451 sloped line in the air gap,
the second one is over all parts of ferromagnetic core and the
third is over the permanent magnet region (pm), where the
permeability taken is the same as the vacuum permeability (m0).
M is the magnetization and hb the block height. The product M  hb
is equivalent to the superﬁcial current of a block homogenously
magnetized.
Some simpliﬁcations are taken into account: the magnetic
permeability of the ferromagnetic core (m) is much higher thanthe vacuum permeability (m0), there is no fringe ﬁeld getting
away longitudinally (z-axis) in the air gap and by symmetry B
(B¼G  r) is perpendicular to the bottom horizontal line (in this
plane). All these considerations yield in Eq. (2), where Bb is the
average ﬁeld inside the magnetic block and Br is the remanent
ﬁeld. (Br¼m0 M) It is known a priori that there is ﬂux leakage at
some parts, like those signed by oblongs in Fig. 7.
GR2
2 þBbhb ¼ m0NIþBrhb: ð2Þ
By the magnetic ﬂux conservation, a good approach could be
done equalizing the ﬂux through the magnetic block to the ﬂux
that crosses the horizontal axis (plane) from x¼0 up to x¼x3,
although it is known that there is a small ﬂux returning at the
upper side of the magnetic block, as previously mentioned.
The ﬁeld proﬁle for the region from x¼0 to x¼x2 is approxi-
mately By¼G  x. From x2 to x3, the proposed proﬁle is given by
ByðxÞ ¼ B0þB1x ; ð3Þ
where B0 and B1 can be found using the following boundary
conditions:
Byðx2Þ ¼ Gx2 ð4Þ
Byðx3Þ ¼ 0: ð5Þ
Resulting in:
B0 ¼
Gx22
x2x3
ð6Þ
B1 ¼
Gx22x3
x2x3
: ð7Þ
Fig. 2 shows a typical proﬁle of By over the x axis.
We can observe that by using such ﬁeld proﬁle, it is also
introducing error to this very simple modeling.
The conservation of the magnetic ﬂux conduces to the equality
Bbwb ¼
Z x3
x2
B0þ
B1
x
 
Udxþ
Z x2
0
GxUdx; ð8Þ
given the following expression for the ﬁeld inside the magnetic
block:
Bb ¼
Gx22
wb
1
2
þ x3
x2x3
ln
x3
x2
  
; ð9Þ
Fig. 2. Typical vertical component proﬁle of By over the x axis for a quadrupole
and the proposed ﬁtting function.
Fig. 3. Magnetic block height (hb) assuring a total gradient of 28 T/m as a function
of the gradient ﬂexibility.
Fig. 4. Free current (NI) required per coil to assure the maximum gradient of
28 T/m as a function of the gradient ﬂexibility.
Fig. 5. Power consumption (P) per coil holding a total gradient of 28 T/m as a
function of the gradient ﬂexibility. The current density was taken as J¼0.86 A/mm2.
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the gradient G to geometric and magnetic variables, is obtained:
G
R2
2
 x
2
2hb
wb
1
2
þ x3
x2x3
ln
x3
x2
  ( )
¼ m0NIþBrhb: ð10Þ
From the right side of Eq. (10) it is possible to see that the
gradient G is composed of two parts: one related to the free
currents in the coil (NI) and other to the magnetic block (Br). And
the gradient generated by the magnetic block is proportional to
the block width (wb) and height (hb), while the coil contribution is
inversely proportional to the block height.
Graphs shown in Figs. 3–5 are originated from Eq. (10).
Abscissas axes indicate the proportion of gradient ﬂexibility with
respect to the total gradient (28 T/m). Three different and likely
block widths were considered (50,100 and 150 mm). For these
calculations x2¼41 mm because the minimum free gap between
poles is 15 mm, the bore radius is 27.5 mm and at such pole
dimension the steel saturation is avoided. The dimension
x3¼215 mm is to allow the accommodation of no cooled coils.
The value of Br is 1.25 T, relative to NdFeB. Taking only the
gradient related to the permanent magnet is possible to obtainhb as a function of ﬂexibility. Once we have hb it is possible to get
NI, considering the gradient generated by the coils. With NI and J
(current density) the electrical power is determined
P¼ rUNIULUJ; ð11Þ
where r is the copper electrical resistivity, L¼0.95 m is the
average turn length.
For block width equal to 50 mm, it is observed a divergent
behavior for smaller ﬂexibilities, meaning that such situations are
hard to be reached or unattainable. The speciﬁcations of Table 1
are best fulﬁlled when the block dimensions are wb¼150 mm and
hb near to 12 mm, according to the graphs shown in Figs. 3–5.
A ﬂexibility of 715% instead of 30% was chosen in order to
minimize the electrical power in the coils. These dimensions fed
the ﬁrst design for 3D magnetic simulations code, which will be
treated in the Section 4. Anyhow, the speciﬁed gradient was not
attained owing to the fringe ﬁelds in the regions close to the
magnetic blocks, making necessary to increase hb to 15 mm.
It is also important to know the highest opposite ﬁeld against
the magnetization (M) to specify the coercive force (Hci) of the
magnetic block. The average value of the ﬁeld H can be directly
estimated by
m0H¼ Bbm0M¼ BbBr ; ð12Þ
Table 3
Free current required for the electromagnetic model to reach the speciﬁed
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magnetic block.integrated gradients for the three models (CAL, 2D and 3D). For CAL and 2D, the
length was the nominal length (0.25 m). The gradient in the 3D case was evaluated
in the middle of the quadrupole.
NI/coil
(A.turns)
Speciﬁcation CAL 2D
simulation
3D
simulation
8200 G (T/m) 28.0 27.3 25.9 25.1
G int (T) 7.0 6.8 6.5 7.0
7120 G (T/m) 24.3 23.7 22.7 22.3
G int (T) 6.1 5.9 5.7 6.2
6070 G (T/m) 20.7 20.2 19.5 19.2
G int (T) 5.2 5.0 4.9 5.43. Proposed quadrupole
According to the speciﬁcation and the results of the Section 2,
the quadrupole evolved to the design showed in Fig. 6, which
corresponds to 1/16 of the quadrupole geometry. Reﬁned studies
were made using 2D and 3D softwares (Infolytica Magnet [12]).
Table 2 summarizes the results obtained from circuital
Ampere’s law (Section 2) and Eq. (12) named CAL, 2D simulations
and 3D simulations. The average demagnetizing ﬁeld H is also
presented and such values were used to specify the coercivity of
the NdFeB magnetic blocks.
An electromagnetic quadrupole with the same mechanical
dimensions of this super hybrid model and reaching the same
maximum gradient was simulated to make comparisons. Results
are indicated in Table 3.
For super hybrid quadrupoles it is observed a small non
linearity in the gradients generated by the coils, originated from
an incipient saturation in the poles. Such behavior is not noticed
in the electromagnetic quadrupole. The explanation relies on the
magnetic ﬂux that escapes from the ferromagnetic nucleus to
close its circuit at regions near the magnetic block (Fig. 7). On the
front and rear faces in the 3D simulations the same losses happen.
Thus, to reach the speciﬁed gradient, higher ﬂux inside theFig. 6. Magnetic ﬁeld in the 3D quadrupole simulation.
Table 2
Free current required for the super hybrid model to reach the speciﬁed integrated
gradients for the three approaches (CAL, 2D and 3D). For CAL and 2D, the length
was the nominal length (0.25 m). The gradient in the 3D case was evaluated in the
middle of the quadrupole.
NI/coil
(A.turns)
Speciﬁcation CAL 2D
simulation
3D
simulation
2100 G (T/m) 28.0 33.5 29.5 24.5
G int (T) 7.0 8.4 7.4 7.0
H (A/m) – 532238 489059 426792
0 G (T/m) 24.3 29.4 25.5 21.2
G int (T) 6.1 7.3 6.4 6.1
H (A/m) – 589298 534305 463236
2100 G (T/m) 20.7 25.2 21.3 17.5
G int (T) 5.2 6.3 5.3 5.1
H (A/m) – 646359 582461 505180
Fig. 7. Flux losses close to the magnetic blocks.nucleus is necessary. This also explains why the gradient calcu-
lated in the middle of 3D quadrupole does not have a good
agreement to 2D simulations. This reduction is not only due to the
fringe ﬁeld, but also due to this quadrupole geometry, once the
ﬂux of the magnetic blocks in their extremities returns through
the air in the side face (z-axis) instead of going to the bore
diameter region. A possible solution would be to increase the
length of magnetic blocks to reduce this ﬂux return. Therefore,
some magnetic shield could be required depending on the
environment for the quadrupole installation, to prevent couplings
and disturbances in the magnetic ﬁeld.
The powers involved in the ﬁeld ﬂexibility considering the 3D
simulations are in Table 4.
The current density chosen was 0.86 A/mm2, in order to avoid
the cooling of the coils or at least to simplify the procedure for
heat extraction.
To attain the multipolar speciﬁcations of Table 1, a slight modi-
ﬁcation was made in the pole proﬁle, as indicated in Fig. 8. The
circled regions show these modiﬁcations, which are called shims.
Also some slabs made of the same steel used in the poles were
necessary in order to reach the desired multipoles. They can be
observed on the pole lateral faces (Fig. 10), close to the bore
radius region.4. Mechanical assembly
NdFeB magnetic blocks for the quadrupole construction were
ordered according to the manufacturer catalog, having remanent
Table 4
Electrical powers for super hybrid and electromagnetic quadrupoles.
Super hybrid Electromagnetic
NI/coil (A.turns) Total power (kW) NI/coil (A.turns) Total power (kW)
2100 0.12 8200 3.09
0 0 7120 2.33
2100 0.12 6070 1.70
Fig. 8. Indication of the shim.
Fig. 9. Magnetic drawer.
Fig. 10. Complete mechanical design of the super hybrid quadrupole. Two upper
drawers are displaced from their ﬁnal position to give an idea of how they are housed.
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(1353 kA/m). Unfortunately, when the blocks were characterized
in house, using a Helmholtz system [13], their Br were about
1.25 T. Part of this discrepancy (3%) can be explained by the
self-demagnetization effect suffered by the block. The manufac-
turer justiﬁed this disagreement saying that Br was determined
for raw material, still in the blank and without the Ni coating.
There are eight permanent magnet volumes measuring
25015015 mm3, placed in both sides of the polar pieces.
Each one of these volumes is composed of ten smaller rectangular
pieces, with dimension of 755015 mm3. The blocks were
sorted in such a way to have the same average magnetization in
each one of these eight volumes. Initially, larger dimensions were
chosen but the blocks presented cracks. They were put all toge-
ther inside a drawer with help of a mechanical claw and ﬁxation
and push screws. Fig. 9 shows magnetic blocks assembled in a
drawer.
Polar pieces and returning ﬂux yokes were ﬁxed in the
external aluminum plates, which are responsible to transfer the
references by precise surfaces and guide pins. The carbon steel
employed for drawers, yokes and poles was A36 having a maxi-
mum of 0.15% of carbon. Afterward, the magnetic drawers were
slid between the poles and the yokes. On the lateral surface of the
poles are screwed carbon steel slabs to do the ﬁne tune of themultipoles. As these parts are removable, it is possible to ﬁnd
other multipolar ﬁeld conﬁgurations just exchanging them. The
coils are made with 52 mm2 lacquered copper wires. Two kinds
of water cooling procedures were tested: one cools the aluminum
plates and the other a 2 mm thick copper layer surrounding the
coils. All these parts are depicted in Fig. 10. Table 5 shows some
main mechanical parameters.5. Quadrupole characterization
Both Hall probe [14] and rotating coil [15] systems were used
for the super hybrid quadrupole magnetic characterization. With
Hall probe maps it was visualized the ﬁeld proﬁle, allowing the
calculation of the magnet effective length and observing how its
fringe ﬁelds decay. Owing to its precision and quickness, rotating
coil was employed in the most cases: for excitation curves and for
analysis of the gradient thermal behavior. Fig. 11 shows the
quadrupole installed in the characterization bench.
Fig. 12 presents the excitation curve and its related hysteresis,
measured by rotating coil. The maximum integrated gradient
reached is 7.06 T for þ2100 A.turns/coil and the minimal is 5.03 T
Table 5
Some mechanical parameters.
Quadrupole height (mm) 580
Quadrupole width (mm) 348
Quadrupole length (mm) 660
Number of turns per coil 210
Conductor cross section (mm2) 10
Total weight (kg) 610
Carbon steel A36
Aluminum 5052
Fig. 11. Super hybrid quadrupole being magnetically characterized.
Fig. 12. Integrated gradient as a function of the excitation current.
Fig. 13. Normalized multipolar composition (dipole n¼1, quadrupole n¼2,
sextupole n¼3, y) and the error bar associated to each measured multipole.
Table 6
Measured parameters.
Effective length (mm) 288
Maximum integrated gradient (T) 7.06
Minimum integrated gradient (T) 5.03
Gradient ﬂexibility (%) 17/þ16
Maximum/minimum current (A) þ10/10
Voltage @10A (V) 13.4
Power (W) 134
Resistance (Ohm) 1.34
Total Inductance @1 kHz (mH) 33
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The error bar is is about 1104 T. All these values are in good
agreement with 3D simulations (see Table 3). The gradient
obtained by rotating coil and hall probe agrees in less than 1%.
In tests without cooling and at maximum current (10 A) when
the room temperature is 24 1C, the quadrupole core temperature
stabilize in 32 1C.
If the water cooling temperature is 25 1C, it takes the coils about
45 min to attain the equilibrium temperature at 31 1C operating at
maximum power. The ferromagnetic core remains at water tem-
perature, showing that the cooling system is quite efﬁcient.
Fig. 13 shows the normalized contribution of each multipole
for the magnetic ﬁeld at 10 mm from the quadrupole center. It isimportant to underline that small displacements of the rotating
coil from the magnetic center introduce a dipolar component. For
the present quadrupole it corresponds to 6103 T.m/mm [16].
Concerning to the integrated quadrupolar gradient changes as
a function of the temperature, which was measured in the range
from 18 1C to 26 1C, it was found the linear coefﬁcient of
0.0052 T/1C, corresponding to 0.085%/1C. The thermal coefﬁ-
cient measured for the remanent ﬁeld of NdFeB blocks is
0.0012 T/1C (0.092%/1C).
Table 6 is a list of the main measured parameters.6. Conclusion
A new quadrupole model, called super hybrid, has been
designed and tested. It condenses permanent magnet and elec-
tromagnetic technologies. The ﬁrst generates the steady ﬁeld and
the second gives ﬂexibility to the magnet. The main purpose is to
save costs with electrical energy, making use of the nowadays
accessibility to permanent magnetic materials.
A very good agreement between magnetic simulations and the
characterization was veriﬁed, mechanical concepts were developed
and checked and the feasibility of such model was conﬁrmed.Acknowledgment
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